The volatile components obtained by hydrodistillation of leaves of C. neocaledonica Dummer, C. sulcata (Parlatore) Schlechter and N. pancheri (Carrière) de Laubenfels from New Caledonia were investigated for the first time by a combination of GC and GC-MS analysis, and compared with the heartwood oil compositions of the three species. The essential oils from C. sulcata and C. neocaledonica leaves contain a majority of monoterpenes while the leaf oil of N. pancheri is characterized by a high level of sesquiterpenoids. On the basis of the sesquiterpenoid composition of the wood-and leaf oils, N. pancheri is closely related to both New Caledonian Callitris spp. However, C. sulcata and C. neocaledonica oils remain distinct from N. pancheri and the Australian Callitris oils by the presence of compounds biosynthetically related to the bisabolyl cation, mainly barbatenes and thujopsene.
Terpenoids are commonly used as chemical markers for systematic investigations of conifers. Several sesquiand diterpenoids occur only in certain clusters of families or are restricted to some species of one conifer family. Plants of the Cupressaceae family are characterized by certain classes of terpenes and several sesquiterpenoids (chamigranes, cuparanes, widdranes, acoranes and tropolones) that are only known in this family [1] . The Cupressaceae include 30 genera and 142 species of principally evergreen coniferous trees or shrubs and are the most widely distributed gymnosperms in the two hemispheres. In New Caledonia, six species, all endemic, represent three genera, Callitris, Neocallitropsis and Libocedrus.
The genus Callitris is composed of 19 species, 17 native to Australia and two endemic to New Caledonia, Callitris sulcata (Parlatore) Schlechter and C. neocaledonica Dummer [2, 3] . Species from this genus are found in diverse habitats ranging from rain forest to desert within all the states of Australia and two provinces of New Caledonia. Nonetheless they are very well adapted for dry and arid regions.
C. sulcata, which is generally considered as a primitive parent of the Australian species, is a slow growing tree with densely standing branches and a hard, compact bark. It is found on slopes neighboring rivers, on the rocky substratum of ultramafic origin in the south of the main island of New Caledonia in the valleys of the Comboui, upper Tontouta River and Dumbea, where it grows at an altitude of 15-300 m. C. neocaledonica is a shrub or small tree with densely standing branches in the shape of a candelabrum. This species is located on the serpentine soils of the maquis on crests and trays of the south of the main island mountains (Humboldt, Kouakoué and Montagne des Sources) at altitudes of 900-1500 m [4] .
Neocallitropsis pancheri (Carrière) de Laubenfels belongs to the monotypic endemic genus Neocallitropsis; it grows mainly in the southern part of [23] , which were obtained with a DB-5 column i. e. a (5%-phenyl)-methylpolysiloxane phase. The slightly more polar stationary phase used in the literature explains the generally higher values obtained for most polar components; this is, for example, the case for the conjugated cumin aldéhyde or for the unsaturated 10-epi-γ-eudesmol compared with the less polar saturated sesquithuriferol. c Essential oil yield (g/100g of plant) d Percentage peak area e weight%: g/100g of essential oil f Linear retention indices reported in "The Atlas of Spectral Data of Sesquiterpene Hydrocarbons" [22] g Linear retention indices reported in Mass Finder Library [24] Mass New Caledonia. It is often found in opened maquis on affected ground of ultramafic soils or hardened on lateritic surface crusts between 150 and 1400 m [5] . A recent analysis of sequence data from the internal transcribed spacer region of the nuclear ribosomal DNA has been carried out on species of the Australian Callitris, C. sulcata and Neocallitropsis. This investigation showed a strong relationship between N. pancheri and C. sulcata and provides evidence against the monophyly of the genus Callitris and for the inclusion of N. pancheri [6] .
In a previous study, we compared the chemical composition of the volatile fractions of the wood of C. neocaledonica, C. sulcata and N. pancheri to characterize these endemic species and to ratify their classification within the Cupressaceae family [7] . The wood essential oil of C. sulcata presents an original composition dominated by β-barbatene, thujopsene and widdrol, while C. neocaledonica is closely related to N. pancheri [8] [9] [10] [11] [12] [13] and to the Australian Callitris glaucophylla with high levels of guaiane-and eudesmane-type structures (eudesmols, guaiol and related components). However, in terms of essential oil composition, C. neocaledonica and N. pancheri are different from the Australian Callitris columellaris, C. glaucophylla and C. intratropica, by the absence of citronellic acid and γ-lactones (columellarin, dihydrocolumellarin, callitrin, callitrisin, dihydrocallitrisin) [14, 15] , and azulenes (chamazulene and guaiazulene), which are responsible for the intense blue color of the essential oil of C. intratropica [14] .
Recently, Brophy et al. studied the leaf oil of 17 species and 4 subspecies of Australian Callitris [16] . These oils showed a strong preponderance of monoterpenes except for C. roei, C. monticolata and a chemotype of C. muelleri, which contained a significant amount of sesquiterpenes. Among the remaining species, α-pinene was usually the principal component with sometimes limonene being either the second most significant component or the major component. C. rhomboidea stood out among these species because of the presence of large amounts of citronellyl-, neryl-and geranyl acetates. Several studies of the chemical composition of the leaf volatile oils from Callitris species introduced into Nigeria gave comparable results [17] [18] [19] . With the aim to clarify our first results on heartwood oils, the present paper reports, for the first time, the volatile components obtained by hydrodistillation of fresh leaves of C. neocaledonica, C. sulcata and N. pancheri from New Caledonia.
The essential oil yields (w/w) and the relative amount of each component, and of each class of compound are presented in Table 1 for the heartwood essential oils and in Table 2 for the leaf essential oils. The GC and GC-MS analyses of the two essential oils obtained by hydrodistillation of leaves of C. sulcata and C. neocaledonica indicate a strong preponderance of monoterpenes, mainly α-pinene (75.8%) for C. sulcata, and α-pinene (45.9%) and thuja-2,4(10)-diene (6.4%) for C. neocaledonica. These results are in concordance with the chemical composition of the vast majority of the Australian Callitris leaf essential oils [16] . Nevertheless, oxygenated derivatives with pinane structure (verbenone, myrtenol, pinocarvone and transpinocarveol) are only present in C. neocaledonica. The leaf oil of N. pancheri is different from the two previous Callitris samples and characterised by a high level of sesquiterpenoids: germacrene D (6.6%), bicyclogermacrene (7.8%), spathulenol (49.0%), epi-α-muurolol (7.4%) and α-cadinol (11.6%). On the other hand, the leaves of C. sulcata, C. neocaledonica and N. pancheri do not accumulate volatile diterpenes, as seen in other members of the Cupressaceae family [16, [26] [27] [28] [29] .
In terms of sesquiterpenoid composition, which is decisive in the chemosystematic investigation, the heartwood oil of C. neocaledonica contains mainly compounds issued from (2E, 6E)-farnesyl pyrophosphate via the cyclodecadienyl structure of the germacrane skeleton, but also minor amounts of thujopsene and β-barbatene formed from a different precursor, the bisabolyl cation, via the cuprenyl cation. On the other hand, among the sesquiterpenes of the leaf oil of C. neocaledonica, several compounds (α-, βbarbatene, thujopsene, widdrol and thujopsan-3-one) derive from the cuprenyl cation.
In the case of the heartwood oil of C. sulcata, the identified molecules mainly result from the cuprenyl cation, with two major components -β-barbatene (37.0%) and thujopsene (17.1%), along with other related sesquiterpenes: α-barbatene, thujopsadiene, βchamigrene, widdra-2,4(14)-diene, pseudowiddrene, widdrol, and α-barbatenal; the sesquiterpenes identified in the leaf oil of C. sulcata derive mainly from either cadinane or germacrane structures; surprisingly, the two major components of the heartwood oil, β-barbatene and thujopsene, could not be identified in the leaf oil, whereas they were present in minor amounts in the leaf oil of C. neocaledonica. On the other hand, the heartwood oil of N. pancheri is characterised by a majority of oxygenated sesquiterpenes with germacrane skeleton derivatives: elemol (7.6%), guaiol (6.9%), eudesmols (70%), bulnesol (3.4%), and costols (2.2%). The major component of the leaf oil of N. pancheri, spathulenol, is also derived from the germacrane skeleton; it is accompanied by other related structures: germacrene D, bicyclogermacrene, elemol, and guaiol, but also by cadinane derivatives (cadinenes, cadinols, and muurolol).
Thus, the oxygenated sesquiterpenes of the wood oil of N. pancheri are closer to those of C. neocaledonica while the structures of the sesquiterpene hydrocarbons and oxygenated sesquiterpenes of the leaves of N. pancheri are closer to those of C. sulcata. The high proportion of spathulenol in the leaf oil of N. pancheri does not appear determining in this chemosystematic study because similar amounts have already been met in C. monticolata and C. muelleri [16] . On the basis of the sesquiterpenoid compositions of the wood and leaf oils, N. pancheri is closely related to both New Caledonian Callitris species in accordance with the molecular data of Pye et al. [6] . However, C. sulcata and C. neocaledonica oils remain unique with the presence of compounds formed from the cuprenyl cation, mainly barbatenes and thujopsene. The speciation processes involved by ultramafic origin of the soils with abnormally high quantities of toxic elements, as well as the early separation between the New Caledonian and Australian members of the Cupressaceae family, could explain the differences observed in the essential oil compositions of C. sulcata, C. neocaledonica and N. pancheri with those of the Australian Callitris. Similar investigations are under progress of Libocedrus species (Cupressaceae), which are present in New Caledonia in the same habitats as the Callitris species. [23] , which were obtained with a DB-5 column i. e. a (5%-phenyl)-methylpolysiloxane phase. The slightly more polar stationary phase used in the literature explains the generally higher values obtained for the most polar components; this is, for example, the case for guaiol compared with the less polar salvia-4(14)-en-1-one. c Essential oil yield (g/100 g of plant) d Percentage peak area e weight%: g/100 g of essential oil The essential oils were produced by hydrodistillation of lots of 100 g for 7 h of either heartwood pieces or leaves using a Clevenger-type apparatus. After decantation, the oils were dried over anhydrous sodium sulfate and stored in a cool, dark place until required for analysis. A commercial essential oil of N. pancheri (Albert Vieille SAS) wood was used for the analysis.
Gas chromatography: GC analyses were performed on a Varian gas chromatograph, model CP-3380, with flame ionization detectors fitted with a silica capillary column: CP Sil 5 CB low bleed/MS (100% dimethyl polysiloxane, Chrompack/Varian, Palo Alto, CA) capillary column (30 m x 0.25 mm i.d. x 0.25 μm film); carrier gas, N 2 ; flow rate, 0.8 mL/min; injection type split, 1:100 (0.2 μL of pure essential oil) ; injector temperature 220°C; detector temperature 250°C. Temperature program: 50-200°C at 2°C/min, then kept constant at 200°C for 20 min. The linear retention indices of the components were determined relative to the retention times of a series of n-alkanes; they were very close to literature data.
Gas chromatography-mass spectrometry: GC-MS
analyses were performed using a Hewlett-Packard GC 5890 series II equipped with an HP-1 (100% dimethyl polysiloxane, Agilent J&W) fused column (30 m x 0.25 mm; film thickness 0.25 μm) and interfaced with a quadrupole detector (Model 5972) following the same temperature program (50-200°C at 2°C.min then kept constant at 200°C for 20 min.); injector temperature 220°C; MS transfer line temperature 180°C; carrier gas helium; flow rate 0.6 mL/min; injection type, split, 1:10 (1 μL 10:100 n-pentane solution); ionization voltage, 70 eV; electronmultiplier 1460 eV; scan range 35-300 amu; scan rate 2.96 scan/s.
Qualitative analysis:
Identification of the constituents was based on the comparison of retention and MS data with those of the library GC-MS system (NBS 75K, NIST98), literature data [20] [21] [22] [23] [24] , and a home-made library obtained from authentic standards and commercial essential oils.
Quantitative analysis:
The percentage composition of the oil constituents was obtained from electronic integration measurements of FID peak areas without use of response factors correction (%A in Tables 1 and 2). Quantification of the major components was carried out by the internal standard method [25] and use of response factors, which were determined under the same experimental conditions using the following equation: RRF = (m anal x A i.s. )/A anal x m i.s. ) where m anal is the mass of the analyte, A i.s. is the peak area of the internal standard (in this case, tridecane), A anal is the peak area of the analyte, and m i.s. is the mass of tridecane. Three reference standard compounds were chosen as representative of specific chemical groups (e.g. α-pinene for monoterpene hydrocarbons, βcaryophyllene for sesquiterpene hydrocarbons and nerolidol for sesquiterpene alcohols).
The mean RRF values (3 replicates) calculated under our experimental conditions were: RRF α-pinene = 1.32 +/-0.02, RRF caryophyllene = 0.98 +/-0.06, and RRF nerolidol = 1.18 +/-0.02.
The contents of the major components, expressed as g/100g of essential oil, given in Tables 1 and 2 , were calculated as: weight % target = A target x m i.s. x RRF x 100/A i.s. x m oil . Target here indicates the compound to be quantified in the essential oil sample, using the RRF of the pertaining chemical group, A target represents its peak area, A i.s. represents the internal standard (tridecane) peak area, and m i.s. and m oil are expressed as g.
